It is becoming increasingly clear that Mesenchymal Stem Cell (MSC) differentiation is regulated by mechanical signals. Mechanical forces generated intrinsically within the cell in response to its extracellular environment, and extrinsic mechanical signals imposed upon the cell by the extracellular environment, play a central role in determining MSC fate. This paper reviews chondrogenesis and osteogenesis during skeletogenesis, and then considers the role of mechanics in regulating limb development and regenerative events such as fracture repair. However, observing skeletal changes under altered loading conditions can only partially explain the role of mechanics in controlling MSC differentiation. Increasingly, understanding how epigenetic factors such as the mechanical environment regulate stem cell fate is undertaken using tightly controlled in vitro models. Factors such as bio-engineered surfaces, substrates and bioreactor systems are used to control the mechanical forces imposed upon, and generated within, MSCs. From these studies, a clearer picture of how osteogenesis and chondrogenesis of MSCs is regulated by mechanical signals is beginning to emerge. Understanding the response of MSCs to such regulatory factors is a key step towards understanding their role in disease and regeneration.
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Introduction
There is abundant evidence in the literature, from studies of embryonic limb 
Osteoblast and Chondrocyte Differentiation during Skeletogenesis
There are two mechanisms through which bone formation occurs, intramembranous and endochondral ossification. Both processes begin with stem cell proliferation and condensation (Karsenty and Wagner 2002; Goldring et al., 2006) . During intramembranous ossification, these condensed MSCs differentiate directly into osteoblasts. During development, this process occurs mainly in the head region. The development of long bones, on the other hand, takes place by endochondral ossification, where the MSCs first differentiate into proliferating chondrocytes and form the initial cartilage templates. Chondrocytes in the centre of these developing cartilage elements further differentiate into hypertrophic chondrocytes, while stem cells in the perichondrium (the peripheral tissue of the developing limb) differentiate into osteoblasts and form a collar of bone around the hypertrophic chondrocytes.
Next, the hypertrophic cartilage is invaded by blood vessels and eventually replaced by bone and marrow. In humans and other mammals, secondary centres of ossification form at the distal ends of the developing limbs, leaving a growth plate between the ossification centres which provides the mechanism for further postnatal growth.
Advances in molecular biology have provided significant insight into the genetic mechanisms regulating chondrocyte and osteoblast differentiation during skeletogenesis. Two transcription factors, Sox9 and Runx2, have been demonstrated to be important in the differentiation pathways of these cell types. The transcription factor Sox9 acts during early chondrogenic differentiation. If Sox9 is inactivated in the mouse, the mesenchyme does not express chondrocyte-specific markers such as Col2a1 and Aggrecan, and cartilage does not form (Bi et al., 1999) . Runx2 is a transcription factor essential for osteoblast differentiation and bone development (Ducy et al., 1997; Komori et al., 1997; Otto et al., 1997) . In the early mesenchymal condensations stem cells express both of these transcription factors, indicating the potential to differentiate along either the osteogenic or chondrogenic lineage (Ducy et al., 1997; Otto et al., 1997; Bi et al., 1999; Yamashiro et al., 2004) . However, since genetic inactivation of these transcription factors leads to loss of one cell phenotype without commitment to another, it suggests that other factors must act upstream of Runx2 and Sox9 in controlling osteogenesis and chondrogenesis (Day et al., 2005) .
Extrinsic environmental factors may regulate stem cell differentiation by controlling the expression of intrinsic factors such as Runx2 and Sox9 in stem cells, with cell-cell and cell-matrix signals in the condensing mesenchyme playing critical roles. There is strong evidence that the expression of many Wnts during skeletal development are key signals in regulating chondrocyte and osteoblast differentiation (Day and Yang 2008) . Wnts are a large family of secreted molecules that transduce their signals through a number of different pathways (Gordon and Nusse 2006) . Of these, the canonical or Wnt/β-catenin signalling pathway has been shown to control osteoblast and chondrocyte differentiation from mesenchymal progenitors (Day et al., 2005; Day and Yang 2008) . This pathway controls the protein stability of β-catenin, a transcription factor in the canonical Wnt pathway that is also involved in cell adhesion by binding to cadherins (Perez-Moreno and Fuchs 2006) (calcium dependant adhesion molecules that play important roles in cell adhesion). In the absence of Wnt ligands, β-catenin is phosphorylated and tagged for degradation. When Wnt ligands bind to their co-receptors at the cell membrane, it initiates a sequence of events leading to accumulation of β-catenin in the cytoplasm and translocation to the nucleus, where it activates downstream target genes. Canonical Wnt signalling is upregulated in osteogenic mesenchymal condensations (Day et al., 2005) . Conditional knock-out of β-catenin in mouse mesenchymal condensations leads to a loss of osteoblasts and ectopic chondrocyte differentiation in both intramembranous and endochondral ossification (Day et al., 2005) . In addition, inactivation of β-catenin in MSCs in vitro results in chondrogenic differentiation even in osteogenic culture conditions (Day et al., 2005) . Taken together, these results suggest that Wnt/β-catenin signalling controls osteogenic and chondrogenic differentiation in mesenchymal condensations, see Fig. 1 . As will be discussed in Section 5, there is emerging evidence to suggest that this signalling pathway may, at least in part, be regulated by mechanical signals. (Glucksmann 1939; Glucksmann 1942) , while intermittent compression of cultured embryonic mouse long bone rudiments has been shown to increase calcification of the growth plate cartilage (Klein-Nulend et al., 1986) . In vitro studies have also demonstrated that cartilaginous tissue in the membrane bones of the embryonic chick will form in response to the mechanical signals generated by movement (Hall 1968 ).
Role of Mechanical Signals in Regulating Limb
Chondrogenesis of limb bud mesenchymal cells embedded in collagen or agarose hydrogels has also been shown to be enhanced by compressive loading (Takahashi et al., 1998; Elder et al., 2000; Elder et al., 2001 ).
Immobilization of the developing embryo through the use of neuromuscular agents and other means has also been used to investigate the role of mechanical stimulation on limb development. Mobilisation is known to be required for normal joint cavitation (Mikic et al., 2000; Osborne et al., 2002) . Paralysis of the skeletal musculature is also known to inhibit chondrogenesis in developing limbs (Murray and Drachman 1969; Hall 1972; Hall 1979) . Maintenance of a chondrogenic as apposed to osteoblastic phenotype is also dependent on normal physiological contraction of the adjacent musculature (Petrovic 1974) . While paralysis does not prevent progenitor cells from undergoing osteogenesis in developing limbs, it would appear to regulate the length, mass and mechanical properties of many developing bones (Hall and Herring 1990; Wong et al., 1993) .
For example, diminished growth of the skeleton has been correlated with reduced muscular activity (Hall and Herring 1990) . In addition, when muscle formation is disrupted, skeletal development is differentially affected, with certain rudiments being more severely diminished than others, suggesting a complex interaction between mechanical forces and other location-specific regulatory factors (Nowlan et al., ) . The cartilaginous tissue within developing bones is also influenced by immobilization, with lower glycosaminoglycan (GAG) content and weaker mechanical properties reported compared to control embryos (Mikic et al., 2004) .
Endochondral ossification also occurs during regenerative events such as bone fracture repair. While many of the genetic mechanism regulating fetal skeletogenesis also play a role in adult skeletal regeneration (Vortkamp et al., 1998; Ferguson et al., 1999) , the mechanical environment is known to play a key role in regulating the outcomes of fracture repair (Goodship and Kenwright 1985; Kenwright and Goodship 1989; Kenwright et al., 1991; Chao et al., 1998; Goodship et al., 1998; Goodship et al., 2009) . A number of hypotheses have been proposed for how MSC differentiation is regulated by the mechanical environment during events such as fracture repair.
Pauwels suggested that stress and strain invariants guide the differentiation pathway, whereby hydrostatic pressure results in cartilage formation; while distortional strain, or elongation, favours fibrous tissue formation (Pauwels 1941; Pauwels 1960) . A similar concept has been adopted by other authors to explain a number of mechanobiological processes (Carter et al., 1998; Loboa et al., 2001; Henderson and Carter 2002) . Fluid flow and shear strain have also been hypothesized as the stimuli that direct MSC differentiation during skeletal regeneration (Prendergast et al., 1997) .
Using this mechano-regulation model (Prendergast et al., 1997) , it has been possible to predict the spatial and temporal patterns of tissue differentiation during a number of regenerative events such as fracture healing ( shown increase expression of SOX9 and its target genes collagen II and aggrecan (Woods et al., 2005; Woods and Beier 2006) . In addition, treatment with cytochalasin, a cytoskeleton-interrupting reagent, promotes chondrogenesis of embryonic mesenchymal cells (Zanetti and Solursh 1984) and bone marrow stem cells (Lim et al., 2000) . Similarly, treatment of murine embryonic stem cells with cytochalasin leads to actin filament disruption and subsequent reorganization into a peripheral distribution which results in a more rounded morphology (Zhang et al., 2006) . The expression of type II collagen, Sox9, and at a later time point, aggrecan was also up-regulated (Zhang et al., 2006) . However in micromass culture, which better mimics on any substrate, suggesting that NMM II activity is necessary for matrix-elasticitydriven differentiation of MSCs (Engler et al., 2006) . As the matrix stiffness increases, myosin expression also increases, as well as the expression of focal adhesion components. A result of this is that cell stiffness increases as the matrix stiffness increases (Engler et al., 2006) .
Extrinsic Mechanical Signals as Regulators of MSC Fate
The previous section highlighted the importance of RhoA-ROCK signalling in regulating differentiation of MSCs. Among other functions in the cell, ROCK mediates actin cytoskeletal tension and stress fibre formation, generating a state of pre-stress within the actin network of the cytoskeleton. These studies considered the role of intrinsic forces in regulating MSC differentiation, however extrinsic mechanical signals generated in the extracellular environment can also regulate MSC fate.
Fluid Flow

It has been demonstrated that MSCs respond to oscillatory fluid flow (OFF) with transient increases in intracellular Ca
2+
, increased proliferation rate, upregulation in osteoblastic gene expression, and decreased alkaline phosphatase activity ). OFF has also been shown to upregulate the expression of Runx2, Sox9 and PPARγ (a marker of adipogenesis) in murine C3H10T1/2 MSCs, indicating that signals generated by fluid flow have the potential to regulate the expression of transcription factors involved in multiple differentiation pathways . In this study Fluid flow has been shown to up-regulate SOX9 expression in murine C3H/10T1/2 MSCs plated onto glass slides ). Similar to previous findings (Woods et al., 2005) , the authors of this study demonstrated that inhibiting tension within the actin cytoskeleton increased SOX9 expression. In addition, flow-induced SOX9 upregulation was abrogated by ROCKII inhibition, myosin II inhibition, actin polymerisation inhibition or actin stabilization, suggesting an intact and dynamic cytoskeleton is necessary for flow-induced chondrogenesis of MSCs . It has also been demonstrated that the response of murine MSCs depends on the cell seeding density . The up regulation of Sox9 gene expression observed in these cells as they achieve a very high density through population doublings is silenced by the application of fluid flow, while SOX9 expression in cells plated directly at a very high density is increased in response to flow . This suggests that differences in cell shape regulate the response of these cells to flow.
Tension
Tensile strain has been shown to upregulate BMP-2 expression in MSCs embedded 3D collagen matrices, suggesting that strain alone can induce osteogenic differentiation (Sumanasinghe et al., 2006) . It has also been demonstrated that bone marrow derived MSCs embedded in alginate gels respond differentially to the application of dynamic tension and compression (Haudenschild et al., 2009) . Tension was observed to regulate both fibroblastic and osteogenic associated genes, while compression up-regulated chondrogenic gene expression (Haudenschild et al., 2009 ).
It was suggested that tension inhibits chondrogenesis through increases in β-catenin
signalling. Tensile strain can also regulate chondrogenic differentiation and glycosaminoglycan synthesis of MSCs embedded in collagen-GAG scaffolds . It has also been demonstrated that the application of tensile strains of 7.5% or greater induces apoptosis of MSCs seeded onto 2D silicone membranes (Kearney et al., 2008) . Huang et al. (2004) have demonstrated that mechanical signals induce chondrogenesis of bone-marrow derived MSCs as effectively as growth factor (TGF-β1) stimulation.
Compression
Rabbit MSCs were suspended in agarose hydrogels and subjected to cyclic compressive loading in the presence of absence of TGF-β1. Aggrecan and collagen II gene expression were similar in the TGF-β group and the loaded group, while combining loading with TGF-β treatment promoted collagen II gene expression more effectively than TGF-β1 alone. TGF-β1 treatment and cyclic compression were both shown to upregulate TGF-β1 gene expression, suggesting that both stimuli induce chondrogenesis of BM-MSCs through a similar pathway (Huang et al., 2004) . In a follow-up study, cyclic compressive loading also promoted gene expression and protein production of two transmembrane TGF-β receptors essential for chondrogenesis of MSCs when TGF-β signalling is involved (Huang et al., 2005) .
This study also demonstrated that dynamic compression up-regulated both Sox-9 and TGF-β1 at the gene and protein level. Finite element modelling was also used to determine the mechanical environment within such compressed agarose hydrogels (Huang et al., 2004) , revealing that the hydrostatic pressure was low (0.1kPa), while compressive strain was similar in magnitude to that shown to enhance the biosynthetic activity of mature chondrocytes (Sah et al., 1989; Buschmann et al., 1995; Lee and Bader 1997; Mauck et al., 2000) .
Dynamic compressive loading has also been shown to regulate chondrogenic gene expression in human bone marrow derived MSCs (Campbell et al., 2006; Pelaez et al., 2009 ). In the absence of chondrogenic growth factors, dynamic compression of MSCs embedded in alginate gels has been shown to down regulate collagen type II gene expression and upregulate aggrecan expression after 8 days (Campbell et al., 2006) . Dynamic loading of bovine MSCs embedded in agarose hydrogels has also been shown to increase aggrecan promoter activity in both the core and annulus of the constructs (Mauck et al., 2007) . As part of the same study it was demonstrated that sGAG accumulation was higher in dynamically compressed constructs in the absence of chondrogenic growth factors. However constructs maintained in free swelling conditions in the presence of TGF-β3 accumulated significantly more sGAG. Similar studies using alternative loading regimes have also confirmed that while loading in the absence of TGF-β enhances sGAG accumulation, levels are lower than that observed under free swelling conditions with TGF-β supplementation (Kisiday et al., 2009 ). Static compressive loading has also been shown to enhance chondrogenesis of mouse embryonic limb bud mesenchymal cells embedded in collagen gels (Takahashi et al., 1998) .
A more complex pattern emerges when MSCs are subjected to simultaneous compression and TGF-β stimulation. The expression levels of aggrecan are reduced when MSCs are subjected to TGF-β3 stimulation in addition to dynamic loading when compared to the action of the latter alone (Campbell et al., 2006) . Longer term studies have also revealed that cartilage matrix production by MSCs embedded in agarose hydrogels is reduced when mechanical stimulation is initiated at the onset of TGF-β induced chondrogenesis (Campbell et al., 2006; Thorpe et al., 2008) . In contrast, cyclic compression enhances proteoglycan and collagen accumulation for
MSCs embedded in hyaluronan-gelatin composites (Angele et al., 2004) . Such contradictory findings suggest that the interaction of MSCs with their surrounding matrix is critical to their response to loading. Related to this is the observation that the response of MSCs to dynamic compression in the presence of TGF-β1 depends on when loading is initiated; application at early time-points (day 8) decreases aggrecan gene expression; while loading at later time-points (day 16) increases chondrogenic gene expression (Mouw et al., 2007) . This suggests that the mechano-responsiveness of MSCs changes depending on the stage of chondrogenesis and the development of a pericellular matrix. Compressive loading may also play a role in the maintenance of the chondrogenic phenotype following the withdrawal of TGF-β supplementation.
For example, sGAG accumulation is enhanced in MSC laden constructs by the application of dynamic compression following 3 weeks of free swelling culture in the presence of TGF-β (in review). Similarly following 7 days of pre-culture in free swelling conditions fibrin-polyurethane composite scaffolds, various mechanical loading protocols incorporating dynamic compression induced higher glycosaminoglycan synthesis and higher chondrocytic gene expression ). The same authors have also demonstrated that the influence of mechanical loading depends on the TGF-β concentration of the culture medium, with a much stronger effect on gene expression observed at lower TGF-β1 concentrations ). When TGF-β1 was absent from the medium, mechanical load stimulated mRNA expression and protein synthesis of TGF-β1 and TGF-β3 .
Hydrostatic Pressure
The application of cyclic hydrostatic pressure has been shown to enhance chondrogenesis of MSC aggregates maintained in a defined chondrogenic culture medium, as evidenced by increases in proteoglycan and collagen content (Angele et al., 2003) . Application of cyclic hydrostatic pressure has also been shown to enhance Sox9 mRNA expression as well as type II collagen and aggrecan mRNA expression in MSC aggregates maintained in chondrogenic conditions compared to unloaded controls . Interestingly, this study also demonstrated that the application of cyclic hydrostatic pressure in the absence of TGF-β3 also up regulated Sox9, type II collagen and aggrecan expression, however expression levels were lower than for unloaded aggregates supplemented with TGF-β3 . In a separate study, the same authors demonstrated that the magnitude of hydrostatic pressure (0.1, 1 or 10 MPa) differentially regulated chondrogenesis of MSC aggregates, with greater type II collagen mRNA expression and collagen accumulation at 10 MPa . Matrix condensation also increases with increasing levels of hydrostatic pressure . Sox9 expression has been shown to transiently increase in bone marrow derived MSCs embedded in agarose hydrogels, however this did not lead to increases in aggrecan and collagen II mRNA expression (Finger et al., 2007) . This is in contrast to previously described increases observed in MSC aggregates , which may be due to greater cell-cell proximity in these pellets compared to agarose hydrogels (Finger et al., 2007) . In bone marrow derived MSCs embedded in type I collagen sponges and subjected to hydrostatic pressure in a media containing osteogenic and chondrogenic factors, mRNA expression of chondrogenic genes such as aggrecan, type II collagen and Sox9 increased, with no change in the expression of the osteogenic marker Runx2 (Wagner et al., 2008) . Significantly lower magnitudes of dynamic pressure have also been shown to promote chondrogenesis of MSCs embedded in alginate beads, and this response was at least partially regulated via activated phosphorylation of p38 MAPK ). In contrast, it has been reported that hydrostatic pressure has little or no effect on chondrogenic gene expression or matrix accumulation in MSC aggregates, in either the presence or absence of TGF-β or BMP-2 (Zeiter et al., 2009 ).
Conclusions
The role of mechanical signals in regulating MSC behaviour and fate is much less studied and understood than biochemical stimuli. This is perhaps surprising considering the critical role mechanics is known to have during development, bone and joint formation and in regenerative events such as fracture healing. It is highly In the later stages of endochondral ossification, Runx2 expression is upregulated in the perichondrium by canonical Wnt signalling leading to the formation of the bone collar. Adapted from (Day et al., 2005 (McBeath et al., 2004) .
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Figure 3. Matrix elasticity regulates stem cell differentiation (Engler et al., 2006) .
MSCs are platted onto substrates of varying stiffness. On soft, collagen-coated gels that mimic brain elasticity (0.1-1 kPa), the vast majority of MSCs adhere, spread, and exhibit an increasingly branched, filopodia-rich morphology. MSCs on 10-fold stiffer matrices that mimic striated muscle elasticity (8-17 kPa) lead to spindle-shaped cells similar in shape to myoblasts. Stiffer matrices (25-40kPa) that mimic the crosslinked collagen of osteoids yield polygonal MSCs similar in morphology to osteoblasts.
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